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To reveal the nature of elementary excitations in a quantum spin liquid (QSL), we measured low
temperature thermal conductivity and specific heat of 1T-TaS2, a QSL candidate material with
frustrated triangular lattice of spin-1/2. The nonzero temperature linear specific heat coefficient
γ and the finite residual linear term of the thermal conductivity in the zero temperature limit
κ0/T = κ/T (T → 0) are clearly resolved. This demonstrates the presence of highly mobile gapless
excitations, which is consistent with fractionalized spinon excitations that form a Fermi surface.
Remarkably, an external magnetic field strongly suppresses γ, whereas it enhances κ0/T . This
unusual contrasting behavior in the field dependence of specific heat and thermal conductivity can
be accounted for by the presence of two types of gapless excitations with itinerant and localized
characters, as recently predicted theoretically (I. Kimchi et al., arXiv:1803.00013 (2018)). This
unique feature of 1T-TaS2 provides new insights into the influence of quenched disorder on the
QSL.
Spin liquid is a state in which the constituent spins
are highly correlated but continue to fluctuate strongly
like in a liquid down to very low temperatures. In par-
ticular, quantum spin liquid (QSL) is a novel state of
matter in which enhanced quantum fluctuations prevent
the system from the long-range magnetic ordering even
at zero temperature [1, 2]. The ground states of QSLs are
quantum-mechanically entangled and have characteristic
features such as no simple symmetry breaking, fractional-
ized excitations, and non-trivial topology. The notion of
QSLs is firmly established in one-dimensional (1D) spin
systems as well as in their ladder cousins. It is widely
believed that in 2D and 3D systems, QSLs are usually
realized in the presence of competing orders or geomet-
rical frustration. Despite tremendous efforts during the
past several decades, however, the nature of QSLs in 2D
and 3D remains mysterious. One of the most impor-
tant and long-standing open problems, which is a key
for understanding the elusive QSL states, is how quan-
tum fluctuations respond to quenched disorder from de-
fects/impurities, including randomness of the magnetic
exchange interaction.
Of specific interest in 2D frustrated spin systems has
been the spin-1/2 triangular-lattice Heisenberg antifer-
romagnet, in which the very prototype of a QSL in res-
onating valence bond model with a quantum superposi-
tion of spin singlets, has been proposed [3, 4]. Unfor-
tunately, only a few candidates of the QSL state have
been reported for 2D triangular lattice, including or-
ganic Mott insulators, κ-(BEDT-TTF)2Cu2(CN)3 [5, 6],
EtMe3Sb[Pd(dmit)2]2 [7, 8] (hereafter abbreviated as
DMIT) and κ-H3(Cat-EDT-TTF)2 (H-Cat) [9–11] and
inorganic YbMgGaO4 [12–14]. In particular, in the above
organic systems, no magnetic ordering occurs at least
down to 1/1000 of J/kB =200-300K (J is the exchange
interaction between neighboring spins) [5, 7]. The most
remarkable and intriguing feature in the QSL state on
triangular lattice is that in DMIT and H-Cat the spe-
cific heat has a non-zero linear temperature term γT
and thermal conductivity has a finite residual linear term
κ0/T 6= 0. This demonstrates the emergence of gapless
spin excitations that behave like mobile charge carriers
in a paramagnetic metal with a Fermi surface although
the charge degrees of freedom are gapped [10, 11, 15, 16].
The observed highly mobile quasiparticles have been dis-
cussed in terms of fermionic spinons, fractionalized par-
ticles that carry spin but no charge, and gapless exci-
tations have been attributed to a spinon Fermi surface
[17, 18]. However, the triangular lattices consisting of
large molecular dimers with spin-1/2 in the above organic
compounds are distorted from the perfect triangular lat-
tice. Moreover, it has been suggested that the features
of the spin frustrations may be influenced by other fac-
tors, such as freezing of the electric polarization degrees
of freedom in the dimers [19]. On the other hand, in
YbMgGaO4, J/kB is of order of 4K [12–14], making it
difficult to extract intrinsic properties of the QSL state
at low enough temperature, T ≪ J/kB. Thus the na-
ture of the gapless excitations in the QSLs on triangular
lattice remains unclear and the situation calls for struc-
turally perfect 2D triangular systems with large exchange
interactions, which are free from the above issues.
Recently, transition metal dichalcogenide 1T-TaS2 has
aroused great interest as a candidate material that hosts
a QSL ground state on the 2D perfect triangular lattice
[20]. This compound is a layered material that contains
one Ta layer sandwiched by two S layers; these layers are
weakly coupled by van der Waals interactions. The Ta
2FIG. 1. Temperature dependence of the resistivity of #1
and #2 TaS2 single crystals. For #1 crystal, the resistiv-
ity measured both on cooling and on heating are shown. The
right inset shows the low-temperature upturn in the resistiv-
ity. The left inset is the spin structure in the 2D planes of
1T-TaS2 below C-CDW transition at 180K. The unit cell is
reconstructed into a rotated triangular lattice characterized
by
√
13 ×
√
13 structure described as star-of-David clusters
with 13 Ta atoms. One localized electron resides at the cen-
ter of the star-of-David cluster and as a result, perfect 2D
triangular lattice with S = 1/2 is formed.
atoms form a 2D triangular lattice. At high temperatures
(T > 550K), 1T-TaS2 is metallic. As the temperature
is lowered, it becomes an incommensurate CDW phase
below 550K, followed by a nearly commensurate CDW
(NC-CDW) phase below 350K. It undergoes a commen-
surate CDW (C-CDW) transition at 180K, below which
the unit cell is reconstructed into a rotated triangular lat-
tice characterized by
√
13 × √13 structure described as
star-of-David clusters with 13 Ta atoms [21, 22]. Strong
electron correlation gives rise to a Mott insulating state,
in which one localized electron resides at the center of the
star-of-David cluster. As a result, perfect 2D triangular
lattice with S = 1/2 is formed at low temperatures, as
illustrated in the inset of Fig. 1.
Muon spin relaxation and nuclear quadrupole reso-
nance (NQR) experiments have reported no long-range
magnetic ordering down to 20mK, despite the large ex-
change coupling J/kB > 1, 000K [23]. Moreover, gapless
behavior of the spin dynamics has also been suggested
by these measurements. To obtain information on the
low-lying elementary excitations, the specific heat and
thermal conductivity have been measured. The specific
heat contains contributions from localized and itinerant
excitations, while the thermal conductivity is sensitive
exclusively to itinerant excitations. Therefore the com-
bination of both quantities provide pivotal information
on the nature of the low energy quasiparticles. The lin-
ear temperature term in the specific heat γT is clearly
resolved, demonstrating the presence of gapless excita-
tions [24], similar to DMIT and H-Cat [11, 16]. How-
ever, in stark contrast to these organic compounds, γ(H)
is strongly suppressed by external magnetic field. The
measurements of the thermal conductivity report the ab-
sence of the residual linear term in zero field, κ0/T =
κ/T (T → 0) = 0, indicating the absence of itinerant
magnetic excitations [25]. Moreover, the thermal con-
ductivity exhibits no magnetic field dependence. Based
on the thermal conductivity, they concluded that there is
no significant contribution of itinerant quasiparticle ex-
citations to the thermal conductivity, which is again in
stark contrast to the organic triangular compounds with
finite κ0/T , indicating no evidence of the spinon excita-
tions. These results suggest that the properties of the
QSL state in 1T-TaS2 may be markedly different from
those of previously reported QSL candidate materials.
Here we report low temperature thermal conductivity
and specific heat measurements on high quality single
crystals of 1T-TaS2. As reported previously [24], non-
zero temperature linear specific heat coefficient γ, which
is strongly suppressed by H , is observed. Contrary to
the previous report [25], however, a sizable temperature
linear term in the thermal conductivity, κ0/T 6= 0 is
clearly resolved, indicating that the ground state is a
thermal metal, although the charge degrees of freedom
are gapped. Moreover, in contrast to Ref. [25], κ/T is
enhanced by H . Based on these results, we argue that
highly mobile gapless excitations coexist with localized
gapless excitations arising from the local spin moments
in the QSL state of 1T-TaS2.
High quality 1T-TaS2 single crystals were grown by
the chemical vapor transport method. Figure 1 and its
inset depict the temperature dependence of the resistiv-
ity ρ(T ) for two crystals (#1 and #2) of 1T-TaS2. For
#1 crystal, ρ(T ) measured both on cooling and warming
is plotted. The hysteresis around 200K is due to the first
order phase transition between NC-CDW and C-CDW.
Both crystals show the insulating behavior at low tem-
peratures. While the values of ρ(T ) of two crystals at
∼ 170K just below the C-CDW transition are similar,
ρ for #1 crystal is two orders of magnitude larger than
that for #2 crystal at very low temperatures.
First we discuss the low-lying excitations in the ab-
sence of magnetic field. The red filled circles in the inset
of Fig. 2(a) shows C/T plotted as a function of T 2 of
1T-TaS2 taken from the same batch of #1 crystal. As
the temperature is lowered, C/T decreases in proportion
to T 2 in the high temperature regime. Below ∼1.5K,
C/T shows a sharp upturn, which is attributed to the
Schottky contribution CS/T . Despite the presence of the
Schottky anomaly, it is obvious that the extrapolation of
C/T above 1.5K to T → 0 has nonzero intercept, indi-
cating the presence of linear temperature term γT , con-
sistent with Ref. [24]. To analyze the low temperature
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FIG. 2. (a) The inset shows C/T in zero field (filled red
circles) and in magnetic field of µ0H=14T for H ⊥ ab plane
(open red circles) plotted as a function of T 2. The main
panel shows the specific heat obtained after subtracting the
Schottky contribution, (C − CS)/T , plotted as a function of
T 2 in zero field (filled red circles) and at µ0H=14T (open
red circles). (b) The γ-term (red filled circles) and β-term
(blue filled squares) in the specific heat C = γT +βT 3+Cs in
zero field and at µ0H = 14,T. The data represented by open
symbols are taken from Ref. [24].
specific heat, we subtract the Schottky term by assum-
ing CS/T ∝ T−3. As shown by the red filled circles in
the main panel of Fig. 2(a), the low temperature specific
heat is well described as (C − CS)/T = γ + βT 2 with
γ ≈ 0.75mJ/K2mol and β = 0.17mJ/K4mol. Finite γ
demonstrates the presence of gapless excitations.
We examine the thermal conductivity that provides the
dynamical aspect of the excitations. The thermal con-
ductivity is totally insensitive to localized entities that
may cause the nuclear Schottky contribution and plague
the heat capacity measurements at low temperatures.
The red and blue filled circles in Figs. 3(a) and 3(b) show
κ/T in zero field for #1 and #2 crystals, respectively,
plotted as a function of T 2. The insets of Figs. 3(a) and
3(b) depict the same data plotted as a function of T .
For either plot, non-zero intercepts of κ/T extrapolated
to T → 0, i.e. κ0/T 6= 0, can be seen in both crys-
0.30
0.25
0.20
0.15
0.10
0.05
0
/T
 (
W
/K
2 m
)
0.150.100.050
T
2
 (K
2
)
0.2
0.1
0
0.500.250
T (K)
0.20
0.15
0.10
0.05
0
/T
 (
W
/K
2
m
)
0.150.100.050
T
2
 (K
2
)
0.2
0.1
0
0.500.250
T (K)
0 T
12 T
0 T
12 T
TaS
2
#1
(a) (b)
TaS
2
#2
FIG. 3. (a) Low temperature plot of κ/T as a function of T 2
of #1 TaS2 single crystal in zero magnetic field (filled circles)
and at µ0H = 12T for H ⊥ ab plane (open circles). The
inset shows κ/T in zero field plotted as a function of T . (b)
The same plots for #2 crystal.
tals. Thermal conductivity in insulating magnets can be
written as a sum of the spin and phonon contributions,
κ = κspin + κph. The phonon conductivity in boundary-
limit scattering regime at low temperature is expressed
as κph =
1
3
p〈vs〉ℓphT 3, where p is the phonon specific
heat coefficient, 〈vs〉 is the mean acoustic phonon veloc-
ity, and ℓph is the phonon mean free path. For diffuse
scattering limit, ℓph becomes T -independent, resulting in
κph ∝ T 3. On the other hand, in case of specular reflec-
tion, ℓph follows T
−1-dependence, leading to κph ∝ T 2.
In real systems, the phonon conductivity depends on T
as κph ∝ Tα with α of intermediate value between 2 and
3. Therefore, the finite κ0/T revealed by both plots of
κ/T vs. T 2 and κ/T vs. T , as shown in Figs. 3(a) and
3(b) and their insets, provides evidence of finite temper-
ature linear term in κspin, i.e. the presence of gapless
itinerant spin excitations. Such itinerant excitations in
the QSLs have been attributed to emergent fractionalized
quasiparticle “spinon”, which carries spin but no charge.
Moreover, the gapless excitations represented by finite
γ and κ0/T are consistent with a spinon Fermi surface
[17, 18, 26], ruling out a Dirac spinon with nodes.
While the resistivity of #1 crystal is two orders of mag-
nitude larger than that of #2 at low temperatures, resid-
ual thermal conductivity of #1 is very close to that of
#2. This indicates that the mean free path of the itiner-
ant spin excitations is not directly related to the electron
hopping channel responsible for the electrical resistivity.
The present results are in contrast to the previous mea-
surements that report the absence of κ0/T [25]. This dis-
crepancy may be because the defects/impurities reduce
κ0/T to a level beyond the resolution of the experiment.
Next we discuss the influence of the magnetic field on
the gapless excitations. As shown in Fig. 2(a) and its
inset, the magnetic field of µ0H = 14T applied perpen-
4FIG. 4. A schematic illustration of spin-1/2 defects in a QSL
state. Blue ellipsoids represent resonating spin singlets, which
give rise to itinerant excitations. Yellow arrows represent ran-
domly distributed orphan spins induced by the quenched dis-
order from defects/impurities, including randomness in the
exchange couplings. These orphan spins form localized ran-
dom singlets (ellipses with red line), which give rise to gapless
spin excitations.
dicular to the 2D plane dramatically changes the spe-
cific heat, which is consistent with the data reported
in Ref. [24]. The low-temperature Schottky contribu-
tion is suppressed by magnetic field. After the sub-
traction of Schottky term, specific heat is represented as
C−CS
T
(H) = γ(H) + β(H)T 2. The most salient features
are that the magnetic field strongly suppresses γ(H),
while it largely enhances β(H). This indicates that β-
term in zero field contains not only phonon contribution
but also spin contribution. It should be stressed that
this highly unusual field dependence of the specific heat
has never been observed in the other QSL candidate ma-
terials. In Fig. 2(b), the H-dependences of γ(H)- and
β(H)-terms of our results are shown by filled symbols.
For comparison, γ(H) and β(H) reported in Ref. [24] are
plotted by open symbol. In zero field, the magnitude of
γ- and β-terms in our crystal are ∼ 1.7 times larger and
∼ 2.5 times smaller than the previously reported values
[24]. The present crystal exhibits larger suppression of γ-
term and larger enhancement of β-term by magnetic field.
In particular, β(14T)/β(0) ≈ 2 in the present crystal is
∼1.5 time larger than that reported in Ref. [24]. We will
discuss this difference later.
The open circles in Figs. 3 (a) and 3(b) show T -
dependence of κ/T of #1 and #2 crystals, respectively,
in the magnetic field of µ0H = 12T applied perpendicu-
lar to the 2D plane. In contrast to the specific heat, the
thermal conductivity is enhanced by the magnetic field.
As the phonon mean free path is limited by the crys-
tal size in this temperature regime, κph is not enhanced
by magnetic field. Therefore the enhancement of κ/T
at finite temperature is attributed to a pure spin sector
contributions.
The observed contrasting behavior in the field depen-
dence of specific heat and thermal conductivity is highly
unusual. It should be stressed that this provides a key
for understanding the nature of the gapless excitations
in the QSL state of 1T-TaS2. Recently, it has been pro-
posed that the large suppression of the γ-term in the
specific heat by magnetic field indicates the presence of
gapless excitations by local magnetic moments [27, 28].
In this scenario, resonating spin singlets give rise to itin-
erant excitations in the QSL state, which can be gapless.
The weak randomness in J induced by defects/impurities
leads to the emergence of localized orphan spins that re-
main out of resonating singlets (see Fig. 4). These ran-
domly distributed orphan spins form the localized ran-
dom singlets, whose binding energy decrease with dis-
tance. As a result, excitation energy increases continu-
ous from zero, i.e. gapless. The presence of randomly
distributed orphan spins is consistent with highly inho-
mogeneous magnetic state reported in NQR [23]. The
magnetic field breaks these localized spin singlets, lead-
ing to the suppression of γ-term in the specific heat. In
1T-TaS2, deficiency of S can induce the weak random-
ness in J . It should be stressed that the observed field
induced enhancement of thermal conductivity is consis-
tent with this scenario because the itinerant quasiparti-
cles are less scattered by the orphan spins polarized by
magnetic field. Moreover, large differences of the magni-
tude and the field dependence of γ- and β-terms between
the present crystal and the crystal of Ref. [24] appears to
be in line with the theory of localized random singlets,
because both crystals should have different level of de-
fects/impurities. To clarify this point, more systematic
specific heat measurements are required.
The strong field dependence of γ- and β-terms has not
been observed in organic triangular-lattice spin systems.
This may be owing to several intrinsic differences between
organic compounds and the present 1T-TaS2. First, the
closeness to Mott transition between two systems is dif-
ferent due to the different charge gaps. Then the in-
fluence of the randomness on the quantum fluctuations
may be less pronounced in organic compounds. Second,
these organic compounds may be cleaner than 1T-TaS2,
as charge transfer salts usually have less impurities and
lattice defects. Third, the unpaired electron with spin-
1/2 in organic compounds occupies in a large molecular
dimer and hence may be less influenced by local defects.
Further studies are required to clarify these issues.
We point out that the present results do not support
the phase separation scenario, in which spatially sepa-
rated glassy and QSL phases coexists. In this scenario
the strong reduction of γ-term occurs in the former phase
and the thermal conductivity is governed by the latter
phase. However, it is unlikely that κ0/T is enhanced for
nearly 10-15% by magnetic field of µ0H = 12T, which is
less than 1% of J . Moreover, such a scenario is inconsis-
tent to the NQR line shape that shows little broadening
at very low temperatures [23].
Here we estimate the mean free path of the gapless ex-
5citations. As shown in Fig. 2(b), γ shows the tendency of
saturation at 14T, suggesting that the orphan spins are
nearly fully polarized. This indicates that the γ at 14T is
dominated by the itinerant gapless excitations. Assum-
ing the kinetic approximation, the thermal conductivity
is written as κ0/T =
1
3
γsvsℓs, where γs is the specific
heat coefficient per spin, γs = 13γ, vs is the velocity and
ℓs is the mean free path of the quasiparticles responsible
for the gapless excitations. We estimate ℓs simply as-
suming that the linear term in the thermal conductivity
arises from the gapless fermionic excitations, in analogue
to excitations near the Fermi surface in metals. Using
J ∼0.13 eV reported from the magnetic susceptibility
measurements [23] and vs ∼ Ja~ , where a =1nm is the
inter-spin distance, we obtain ℓs ∼20.4 nm. This mean
free path, which is much longer than inter-spin distance,
is consistent with the itinerant nature of the gapless ex-
citations.
In summary, we have measured the thermal conductiv-
ity and specific heat at low temperatures in the QSL can-
didate material 1T-TaS2 with perfect triangular lattice of
spin 1/2. We find a finite γ-term in the specific heat and
a finite κ0/T in the thermal conductivity, demonstrat-
ing the presence of gapless fermionic excitations. While
an external magnetic field strongly suppresses γ(H), it
enhances κ0/T (H). These highly unusual contrasting re-
sponse to magnetic field can be accounted for by the pres-
ence of two types of gapless excitations with itinerant and
localized characters. The itinerant gapless excitations in
the QSLs are consistent with emergent spinons that form
a Fermi surface. Accordingly, the itinerant spinons coex-
ist with randomly distributed orphan spins forming the
localized random singlets. This provides new important
insights in understanding the effects of quenched disorder
on the quantum fluctuations in the QSL.
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